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ABSTRACT Low pH enhances tumor necrosis factor a
(TNF)-induced cytolysis of cancer cells and TNF-membrane
interactions that include binding, insertion, and ion-channel
formation. We have also found that TNF increases Na+ influx
in cells. Here, we examined the structural features of the
TNF-membrane interaction pathway that lead to channel
formation. Fluorometric studies link TNF's acid-enhanced
membrane interactions to rapid but reversible acquisition of
hydrophobic surface properties. Intramembranous photola-
beling shows that (i) protonation ofTNF promotes membrane
insertion, (ii) the physical state of the target bilayer affects the
kinetics and efficiency ofTNF insertion, and (iii) binding and
insertion ofTNF are two distinct events. Acidification relaxes
the trimeric structure of soluble TNF so that the cryptic
carboxyl termini, centrally located at the base of the trimer
cone, become susceptible to carboxypeptidase Y. After mem-
brane insertion, TNF exhibits a trimeric configuration in
which the carboxyl termini are no longer exposed; however,
the proximal salt-bridged Lys-li residues as well as regional
surface amino acids (Glu-23, Arg-32, and Arg-44) are notably
more accessible to proteases. The sequenced cleavage prod-
ucts bear the membrane-restricted photoreactive probe, proof
that surface-cleaved TNF has an intramembranous disposi-
tion. In summary, the trimer's structural plasticity is a major
determinant of its channel-forming ability. Channel forma-
tion occurs when cracked or partially splayed trimers bind
and penetrate the bilayer. Reannealing leads to a slightly
relaxed trimeric structure. The directionality of bilayer pen-
etration conforms with x-ray data showing that receptor
binding to the monomer interfaces ofTNF poises the tip of the
trimeric cone directly above the target cell membrane.

The soluble active form of tumor necrosis factor a (TNF, or
cachectin) is a 52-kDa trimer, which is secreted primarily by
activated macrophages (1). Exploitation of TNF's potent an-
titumor activities and other beneficial roles has been hampered
by the fact that high local and systemic levels of TNF provoke
a host of debilitating and often lethal sequelae (2, 3). How this
cytokine induces such a wide variety of responses is not well
understood. Only two types of TNF receptors have been
identified (4-6), and the majority of cells in the body bear one
or both (7). Thus, receptor presence in itself is not sufficient
to account for the diversity of cell-type-specific responses.
There are also reports of receptor-independent responses
(8-12). Consequently, variations in TNF-cell interactions and
postreceptor pathways must account for the myriad of poten-
tial effects.

It remains controversial whether receptor-mediated endo-
cytosis is obligatory for TNF's biological activity (7, 13, 14). In
some cell types, functional lysosomes and cytoskeletal integrity
appear necessary for TNF-dependent cytotoxicity (15, 16), and
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lysosomal function is impaired as TNF resistance develops
(17). When liposome-encapsulated TNF was antibody-
targeted to cells that lacked receptors, cytostasis was induced
(12). The protocol for attaching antibodies involved exposing
the encapsulated TNF to slightly acidic pH. We have shown
that extracellular acidification of TNF (pH 5.3, 15 min)
markedly enhances its cytolytic activity toward human U937
histiocytic leukemia cells (18, 19). Lysosomotropic agents had
a very slight enhancing effect on TNF's killing activity at
neutral pH, and in conjunction with extracellular acidification
led to an increase in cell killing far beyond that seen with
acidification alone (19). We speculated that low pH facilitates
TNF insertion into the plasma membrane and that lysosomo-
tropic agents inhibit the degradation of an endocytosed pool
of TNF. The same low pH treatment that leads to enhanced
cell killing (18, 19) diminishes specific receptor binding and
increases both nonspecific and total binding. It also enhances
TNF-dependent inhibition of adipocyte differentiation, a
model for TNF's cachectic activity (unpublished data). Thus,
acidification of TNF [e.g., at macrophage-target cell junctions
(20) or in acidic organelles] may have a physiologically signif-
icant role. By analogy with influenza virus and diphtheria toxin
(21), it may favor a structural state required for membrane
penetration. The 3-jellyroll motif of TNF resembles the coat
protein structures of several viruses (22, 23), and a direct
comparison of the cytotoxic processes of TNF and diphtheria
toxin has revealed a number of striking similarities (19).

In our quest to unravel TNF structure-function relation-
ships, we discovered that TNF increases intracellular Na+ and
forms ion channels in planar bilayer targets (24). Low pH
promotes TNF insertion into the bilayer (i.e., channel forma-
tionper se); transmembrane voltage regulates channel opening
(25). The structurally and functionally related TNF-f (lym-
photoxin) expresses similar activity (25-27). Depending on
local conditions, TNF channel formation could lead to subtle
changes in ion conductance or substantial membrane depo-
larization, changes commensurate with physiological observa-
tions (reviewed in refs. 24 and 26), including the drop in
membrane resting potential of skeletal muscle cells and fluid
accumulation in hypotensive shock.

Because the acid-enhanced activities of TNF noted with
target cells and artificial membranes are likely to be related, we
aimed to understand the structure of membrane-embedded
TNF and the constraints on membrane binding and insertion.
It appears that low pH induces reversible conformational
changes that strongly favor interactions with membrane lipids.
These changes, including cracking of intersheet contacts, are
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largely reversed after membrane penetration. The externally
exposed surface of the membrane-embedded trimer is distinc-
tive in that specific sites are either uniquely resistant or
exquisitely sensitive to proteolytic attack. Thus, TNF mem-
brane penetration involves a partially disordered molten glob-
ule-like transition state (28) that subsequently acquires a more
ordered though not completely native conformation.

MATERIALS AND METHODS
Materials. Studies conducted with human recombinant

TNF (2.5 mg/ml) from Smith Kline & French were subse-
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quently repeated with clinical-grade human recombinant TNF
(0.5 mg/ml) from Genentech. The photoreactive glycolipid
probe 12-(4-azido-2-nitrophenoxy)stearoyl[1-14C]glucosamine
(12APS-GlcN; 50-60 ,tCi/,tmol) was synthesized as described
(29). 8-Anilino-1-naphthalenesulfonic acid (ANS) was from
Eastman Kodak, and dimyristoyl phosphatidylcholine
(DMPC) was from Avanti. SCP buffer is a 0.15 M sodium
citrate/phosphate/chloride constant-ionic-strength buffer
made from 1 M stocks as described (27).

Vesicle Binding and Intramembranous Photolabeling.
Briefly, unilamellar DMPC vesicles ( 500-A diameter) pre-
pared in SCP buffer at defined pH values were mixed with
12APS-GlcN (40,000 cpm/50 ,tg of DMPC/200 ,ul of SCP
buffer). After incubation with TNF, vesicles were irradiated at
366 nm for 1 min, purified by flotation through Ficoll 400 step
gradients at pH 8 and subjected to SDS/PAGE (12.5% gels;
reduced) and fluorography. See ref. 27 for details.

Crosslinking. '25I-labeled TNF (0.1 ,tg; 5.68 x 106 cpm/,ug)
prepared by the lodo-Gen method (Pierce) was mixed with
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FIG. 1. Effects of low pH on TNF. (A) Intrinsic fluorescence of
TNF (10 ,tg) at 37°C in 2 ml of SCP buffer at pH 8 (scan 1) and pH
4 (scan 2). The spectrum of pH 8 buffer is the dashed line. Emission
spectra are the sum of 5 scans with excitation at 280 nm (27). (B) ANS
interactions with TNF. TNF (10 ,Lg) was incubated with 4 ,LM ANS in
SCP buffer. The pH was shifted from pH 8 (scan 1) to pH 4 (scan 2)
by addition of 1 M HCl. After 20 min, the pH was returned to pH 8
(scan 3) by addition of 1 M NaOH. Scan ofANS in the absence of TNF
is identical to scan 1. Scans were summed as above; excitation was at
380 nm. (C) 5'Cr-loaded U937 cells (1 X 104 in 200 1.l of RPMI 1640
medium + 5% calf serum) were incubated with untreated TNF (0) or

TNF that was preincubated at pH 4 for 15 min at 37°C (-). After cells
were incubated for 20 hr at 37°C, cytolysis was quantified as described
(18, 19).
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FIG. 2. Factors affecting TNF membrane binding and insertion.
(A) Dependency on pH. TNF (7.5 jig) was incubated with 12APS-
GlcN-containing DMPC vesicles (50 ,tg) at the designated tempera-
tures (at top of lanes) and pH values (at bottom of lanes) prior to
irradiation. (A Upper) Vesicle-bound TNF assessed by Coomassie blue
staining. (A Lower) Bilayer-inserted (photolabeled) TNF detected by
fluorography. Lanes: Std, 3 jig of TNF standard; 4-7 (4'-7'), pH
values; M, molecular mass: standards defined in Fig. 4A. (B) Depen-
dency on time and membrane physical state. 12APS-GlcN-containing
vesicles and TNF were incubated as indicated prior to irradiation. (B
Upper) Vesicle-bound TNF (Coomassie blue-stained gels). (B Lower)
Vesicle-embedded TNF (corresponding fluorograms). Lanes: Std, 4
jig of TNF standard; 4 and 5 (4' and 5'), pH values.
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0.71 ,ug of unlabeled TNF prior to incubation with 50 ,ug of
DMPC vesicles in 50 ,ul of pH 4 SCP buffer for 1 hr at 37°C
or 4°C. A protein-to-lipid ratio 1 /1Oth of normal was employed
to favor detection of dissociated TNF trimers. Vesicles were
purified by flotation and brought to 40 gl with pH 8 SCP
buffer. Soluble TNF (0.05 ,tg labeled + 0.35 ,ug unlabeled;
amount equivalent to vesicle-bound) was suspended in 40 ,ul of
pH 8 SCP buffer. Glutaraldehyde treatment (1 ,ul of 4% stock)
was for 15 min. Samples were then mixed with 20 ,ul of
2x-reducing buffer, boiled, and subjected to SDS/PAGE
(12.5% gels) and autoradiographic analysis.

Proteolysis of Soluble and Membrane-Associated TNF. TNF
(2 ,ug in 4 ,ul of phosphate-buffered saline, pH 7.4 at 37°C) was
added to 12.5 ,ug of fluid-phase DMPC vesicles in 11 ,ul of pH
4 SCP buffer at 37°C. After 15 min at 37°C, two volumes of pH
8 SCP buffer was added (except for samples cleaved with
carboxypeptidase Y at low pH, which received 2 volumes ofpH
4 SCP buffer). Acid-pulsed soluble TNF was prepared in the
absence of vesicles. Control soluble TNF was prepared by
adding premixed pH 4/pH 8 SCP buffer, 1:2 (vol/vol), prior to
cleavage. Samples were incubated at 37°C for 2 hr with 1 jig
of endoproteinase Lys-C (Boehringer Mannheim), car-
boxypeptidase Y (Sigma), or V8 protease (Sigma) added in 10
p,l of buffer. Vesicle-bound TNF was purified by flotation.
With endoproteinase Arg-C (Pierce), -2 ,ug of vesicle-bound
TNF was separated from unbound TNF before cleavage with
0.15 ,ug of Arg-C at 37°C for 12 hr. For amino acid sequencing,
samples contained 10-15 ,ug of TNF and were scaled up
accordingly. Unless indicated, cleaved samples were run re-
duced on tricine/SDS/polyacrylamide gels (16.5% T/6% C
separating; 10% T/3% C spacer; 4% T/3% C stack [30]),
which were analyzed by fluorography. Bands on protein-
stained Immobilon P (Millipore) blots (31) were identified
with an Applied Biosystems Protein Sequencer (model 477).
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FIG. 3. The quaternary structure of vesicle-bound TNF. (A) Ves-
icle-bound and soluble 1251-labeled TNF were chemically crosslinked
at pH 8. Autoradiogram lanes: 1, TNF bound to frozen DMPC vesicles
(4°C) at pH 4 for 60 min; 2, TNF bound to fluid DMPC vesicles (37°C)
at pH 4 for 60 min; 3, soluble TNF; 4, soluble TNF that was not
crosslinked. (B) The carboxyl terminus of soluble TNF is exposed at
low pH. Silver-stained gel lanes: 1, control TNF cleaved with car-

boxypeptidase Y at pH 8; 2, TNF cleaved at pH 4; 3, membrane-
inserted TNF cleaved at pH 8; 4, acid-pulsed TNF cleaved at pH 8.

RESULTS

Intrinsic Fluorescence of TNF as a Function of pH. The
intrinsic fluorescence of soluble TNF decreased dramatically
when the pH was lowered from 8 to 4 (Fig. 1A), indicating that
the tryptophan residues of TNF shifted from a hydrophobic to
a polar environment (24, 27). The maximum emission wave-
length (Amax) at pH 8 was 328 nm, whereas that at pH 4 was 350
nm. This red shift is likewise typical of a shift of tryptophan to
a polar environment (24, 27), which could result in protein
acquisition of hydrophobic surface properties. When the pH
was returned to 8 (data not shown), the Am. decreased rapidly
to 328 nm. The peak at 308 nm reflects the Raman scatter of
water.

A M
66.2- d
45.0- to

31.0-Ai

21.5-*

...i
14.4-

C

2 B

Lys-C

16.7-

14.4-

8.1
6.2--_-

_~~~~~~~~-W

M

IV8

-TNF

.4d

.4

1 2' 3'

31-

20.5-
16.7-

14.4-

8.1-
6.2-

2.5-

FIG. 4. Proteolysis of vesicle-bound TNF and soluble TNF. (A)
Endoproteinase Arg-C cleavage. Samples were cleaved with endopro-
teinase Arg-C (0.025 units; 0.15 ,Lg) as described; SDS-PAGE was on
a 19% polyacrylamide gel. Lanes: M, molecular mass standards in kDa;
1, vesicle-embedded TNF; 2, soluble TNF. (B) Samples were cleaved
with 1 ,ug of endoproteinase Lys-C or V8 protease for 2 hr at 37°C as
described. A silver-stained gel is shown. Lanes: 1, soluble TNF cleaved
with Lys-C; 2, membrane-inserted TNF cleaved with Lys-C; 3, soluble
TNF cleaved with V8 protease; 4, vesicle-embedded TNF cleaved with
V8 protease. Protease and molecular mass marker positions are
indicated. Bands marked with an arrow contain an amino-terminal
sequence beginning with Pro-12 (lanes 1 and 2); bands marked with an
arrowhead begin with Gly-24 (lanes 3 and 4). (C) Vesicle-embedded
TNF was photolabeled from within the hydrophobic core of the lipid
bilayer as described. Coomassie blue-stained gel (lanes 1-3) and
fluorogram (lanes 1'-3') show V8 protease-cleaved samples (lanes 1
and 1'), endoproteinase LysC-cleaved samples (lanes 2 and 2'), and
endoproteinase ArgC-cleaved samples (lanes 3 and 3'). Molecular
mass markers (lane M) are shown in kDa.
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The Interaction of ANS with TNF. Lowering the pH of a
solution of TNF and ANS caused a dramatic increase in ANS
fluorescence and a blue shift in its AmX from 525 nm to 485 nm
(Fig. 1B). These spectral changes demonstrate that TNF
acquires hydrophobic binding sites for ANS at low pH (27, 32).
Shifting the pH from 4 back to 8 resulted in a return to the
original pH 8 spectrum, indicating complete loss of hydropho-
bic binding sites on TNF. Indeed, preexposure of TNF to pH
4 had little effect on biological activity (Fig. 1C). At pH 8, the
fluorescence spectra of ANS in the absence and presence of
TNF are superimposable; hence, TNF lacks hydrophobic
binding sites for ANS at pH 8. Shifting the pH between 8 and
4 in the absence of TNF had no effect on the ANS spectrum.
Membrane Binding and Insertion Activities of TNF. TNF

binding to pure DMPC vesicles (melting temperature tm =
23°C) decreased with increasing pH (Fig. 2A Upper). Although
less TNF bound to frozen vesicles (4°C) than to fluid vesicles
(37°C) at pH 4 (Fig. 2A Upper), photolabeling with the
intramembranous probe 12APS-GlcN (33) revealed that a
significantly larger proportion of it inserted into the hydro-
carbon core of the bilayer (Fig. 2A Lower).

After incubation for 5 and 60 min, the extents of TNF
binding to fluid DMPC vesicles (37°C) at pH 4 were 35% and
65% (Fig. 2B Upper). At pH 5, TNF binding to fluid vesicles
was barely detectable, even after 60 min. In this study, no
binding was detectable at higher pH. TNF binding to frozen
vesicles (4°C) was not apparent until 60 min, when a low level
of binding was observed. No binding was detected at pH 5.

Photolabeling data in Fig. 2B (Lower) demonstrate that a
significant level ofTNF insertion had occurred after the 5-min
incubation at pH 4 with fluid vesicles and that incubation for
60 min led to a slightly higher level of insertion. At pH 5, clear
detection of TNF insertion required a 60-min incubation,
although a very faint level was seen at 5 min. With frozen
vesicles, the level of insertion increased more notably with
incubation time and was similarly higher at pH 4 than at pH 5
(Fig. 2B Lower). Despite the lower binding efficiency with
frozen vesicles, the levels of inserted TNF observed at both pH
values and at both times were significantly higher with frozen
vesicles than with fluid vesicles.
The Quaternary Structure of Membrane-Associated TNF.

Chemical crosslinking analysis of the oligomeric nature of

FIG. 5. Sites of detected
changes in TNF conformation.
(A) Residues that become more
accessible to endoproteinase

& *>_Arg-C and protease V8 when
TNF is membrane-inserted.
Right front subunit: Arg-6 (bot-
tom-most green residue, first de-
finable residue in the x-ray struc-
ture), Arg-32 (above Arg-6,
green), Arg-44 (directly to the
right of arg-32, green); Glu-23
(red). (B) Residues depicted inA
plus Trp-28 (orange) and Trp-114
(turquoise), residues that shift to
a polar environment when solu-
ble TNF is acidified. (C and D)
The Lys-11 (blue) to Leu-157
(pink) ion pairs. After TNF mem-
brane insertion, Lys-11 is acces-
sible to endoproteinase Lys-C,
and Leu-157 is inaccessible to
carboxypeptidase Y, regardless
of assay pH. Leu-157 of soluble
TNF is only accessible to car-

Piboxypeptidase Y at low pH. (D)
_Bottom view of the central "pore-
like region" of TNF, which may

f Li-y be involved in voltage-gated
channel activity. The x-ray coor-
dinates of TNF are those of Eck

i i - and Sprang (23); imaging soft-
ware is INSIGHT II, version 2.3.0
(Biosym Technologies).
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vesicle-associated TNF revealed that regardless of whether
TNF was bound to fluid or frozen DMPC vesicles, it exhibited
the same crosslinking profile as native TNF in solution (Fig.
3A). Indeed, equivalent proportions of TNF trimers, dimers,
and monomers were detected in crosslinked samples of frozen
membrane-associated TNF (Fig. 3A, lane 1), fluid membrane-
associated TNF (Fig. 3A, lane 2) and soluble native TNF (Fig.
3A, lane 3). Additional studies showed that acid-pulsed soluble
TNF yielded the same profile as native TNF. Thus, all of the
low pH-induced conformational changes observed reflect
reorganizations compatible with retention or rapid reacquisi-
tion of a trimer-like structure.

Susceptibility of Vesicle-Bound TNF to Proteolysis. To
determine whether the structure of membrane-embedded
TNF differs from the structures of native and acid-treated
soluble TNF, we analyzed the susceptibilities of these forms to
enzymic digestion (Fig. 3B). At neutral pH, native TNF,
acid-pulsed TNF, and membrane-embedded TNF all exhibited
structures in which (3-strand h (carboxyl-terminal) and con-
tiguous residues were buried. At low pH, the carboxyl termini
of soluble TNF became accessible to cleavage by carboxypep-
tidase Y (Fig. 3B, lane 2). In contrast, the carboxyl termini of
membrane-embedded TNF remained inaccessible at pH 4.
Thus, membrane penetration locks this region into a pH-
independent conformation.
At pH 8, endoproteinase Arg-C-mediated cleavage of sol-

uble TNF generates a 16.6-kDa fragment (Fig. 4A). This
fragment and uncleaved TNF appear as a doublet. Identical
results were obtained with acid-pulsed soluble TNF (data not
shown). In contrast, vesicle-bound TNF was more sensitive to
Arg-C cleavage. Fragment masses and sequence analysis of the
three major products indicate that 16.6 kDa consists of amino
acid residues 7-157, that 13.5 kDa consists of residues 33-157,
and that 12.4 kDa consists of residues 45-157. Thus, membrane
insertion leads to increased cleavage at Arg-6, Arg-32, and
Arg-44.

Studies with endopeptidase Lys-C and V8 protease (Fig. 4B)
revealed that residues Lys-11 and Glu-23 are also more
accessible in the membrane-embedded form of TNF. The fact
that fragments bear the membrane-restricted photoreactive
probe (Fig. 4C) proves that the surface cleavage sites reside on
the membrane-inserted form of TNF. The data gathered thus
far demonstrate that the membrane-embedded form of the

Receptor

Cytoplasm

12APS-GIcN

splayed
resealed trimer

trimer

native
trimer

cracked
trimer

FIG. 6. The membrane insertion pathway of TNF. Receptor bind-
ing (only one receptor is shown) poises the TNF trimer directly above
the membrane (36). Low pH promotes surface exposure of hydro-
phobic residues (e.g., Leu-157, Trp-28, and Trp-114). Trimer cracking
is indicated by Leu-157 exposure. After TNF penetrates the membrane
via the top portion of the cone-like structure, intersubunit cracks are

repaired. Synthetic peptides that mimic the topmost loop of TNF have
trypanolytic activity (10). Enhanced exposure of Lys-11, Arg-32, and
Arg-44 indicates that the surface region containing the shorter
13-strands and connecting loops has acquired a relaxed conformation.
Two levels of unfurling are shown. A larger hydrophobic surface is
uncovered in the structure on the right, allowing TNF to sink deeper
into the bilayer. The arrow on the glycolipid probe 12APS-GlcN
represents the photoreactive arylazido group.

TNF is a trimer that is not strictly identical to the soluble native
form or the soluble acid-pulsed form.

DISCUSSION
The results of this investigation increase our understanding of
the structures of the insertion-competent and membrane-
embedded forms of TNF. As shown in Fig. 5, TNF exists as a
compact conical-shaped trimer -60 A long and 40 A wide at
the base (22, 23). The outer surface is predominantly polar,
and intersubunit edge-to-face contacts bury a large number of
amphipathic residues. A long "pore-like region" spans the
central axis (23).

Exposure of tryptophan residues to a hydrophilic milieu at
low pH is consistent with increased surface hydrophobicity.
Trp-1 14 (Fig. SB, turquoise) resides within [3-strand f (residues
112-125), the longest internal peptide chain (see ref. 34 for
,3-strand designation). It is the first ordered residue after the
poorly ordered e-f loop region at the topmost portion of the
trimer cone (34). While Trp-114 is buried at pH 7.4 (34, 35),
protonation of nearby residues (e.g., Glu-116, a salt-bridge
participant) could readily expose it to an aqueous milieu.
Trp-28 (Fig. SB, orange) is located in (-strand a' (residues
26-30). Although this strand and the following loop (residues
31-35) are surface structures, Trp-28 faces inward at pH 7.4
(34, 35). Interestingly, Trp-28 resides in the region of loose
secondary structure that contains residues shown to become
highly accessible to proteases Arg-C and V8 after TNF mem-
brane insertion-i.e., Glu-23 (red), Arg-32 (green), and Arg-44
(green) (Fig. SA and B). Neutralization of acid-treated soluble
TNF returns this looping surface structure to a native-like
conformation, as demonstrated by the blue-shift of tryptophan
fluorescence and resistance to proteases Arg-C and V8. In
contrast, neutralization of membrane-inserted TNF has no
detectable effect on the acid-induced conformation of this
region; its exquisite sensitivity to proteases Arg-C and V8
remains uniquely independent of assay pH. Therefore, mem-
brane penetration stabilizes the looser "acid configuration" of
this particular region. Proof that the surface-exposed cleavage
sites belong to membrane-embedded TNF (Fig. 6) is that
proteolysis of photolabeled vesicle-bound TNF generated
12APS-GlcN-bearing peptides (Fig. 4C).

In the case of soluble TNF, rapid reversibility of acid-
induced structural changes is reflected in loss of ANS binding
(Fig. 1B), loss of affinity for lipid vesicles (the 5-min and
60-min samples in Fig. 2B would not be different if raising the
pH did not stop binding and insertion), and normal levels of
biological activity (Fig. 1C). TNF's acquisition of ANS binding
sites under acidic conditions is just one of several character-
istics that suggests attainment of a partially disordered molten
globule-like state, a relatively stable intermediate in the pro-
tein-folding pathway that appears to be necessary for mem-
brane penetration (28).
The TNF trimer contains four salt-bridges-i.e., Lys-98 to

Glu-116, Lys-11 to the a-carboxylate of Leu-157, Arg-32 to
Glu-146, and Arg-103 to Glu-104 (23, 34, 35). The Lys-11-
Leu-157 ion pair (Fig. 5 C and D, blue-pink) stabilizes
monomer-monomer contacts that encircle the internal "pore-
like region" of TNF (23). Acid-induced disruption, in con-
junction with interstrand cracks reflected by the solvent ex-
posure of Trp-28 (orange) and Trp-114 (turquoise) (Fig. SB),
would give carboxypeptidase Y access to the centrally located
13-strand h. With membrane-embedded TNF, the inaccessibil-
ity of Leu-157 to carboxypeptidase Y at both high and low pH
is most likely due to resealing of cracked trimers or to failure
of cracked trimers to insert rather than 13-strand h displace-
ment and insertion into the bilayer. Our rationale is that its ion
pair Lys-11 (blue) and vicinal residues [Arg-6, Arg-32, and
Arg-44 (all green); and Glu-23 (red)] are all surface accessible
after TNF insertion (Fig. 5A). Moreover, crosslinking studies

Biophysics: Baldwin et al.
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(Fig. 3A) show that regardless of whether the target bilayer is
fluid or frozen, membrane-inserted TNF exhibits a native-like
trimeric structure. Hence, the structural alterations that we
have detected in membrane-embedded TNF reflect changes
within the confines of a trimer and not subunit dissociation.

Studies of the degree to which the physical state of the
bilayer places constraints on protein binding and insertion can
reveal important information on the types of interactions
involved, which in turn can lead to new ways to alter target cell
susceptibility. Use of frozen and fluid DMPC targets revealed
that although TNF's vesicle binding and bilayer insertion
activities both increase with decreasing pH, the two processes
are not strictly identical. Results from several such studies
show that TNF binds more efficiently to fluid vesicles than to
frozen ones. With fluid vesicles at low pH, binding and
insertion both saturate within 5-15 min. In contrast, binding to
frozen targets saturates within 5-15 min but membrane inser-
tion proceeds for up to 30 min. Despite lower binding, the
insertion level noted at any given time was always greater with
frozen membranes. Because studies with 12APS-GlcN have
uncovered a wide variety of protein-specific insertion behav-
iors as a function of membrane physical state (33, 37-39), we
are confident that results obtained with TNF reflect the
behavior of the protein rather than the behavior of the probe.
Our model for TNF membrane penetration and channel

formation (Fig. 6; see also ref. 24) is consistent with recent
x-ray data on TNF-receptor cocrystals (36), with the notable
disorder of the topmost loop regions of the TNF trimer (22, 23,
34, 35) and with the level of structural plasticity inherent in the
nonsuperposability of the three monomers (22, 23, 34, 35).
Indeed, Sprang and Eck (34) have speculated that this level of
plasticity could account for the membrane-insertion activity of
TNF, which like channel-forming activity (24) is low but
detectable at pH 7 (Fig. 2A).
The fact that vesicle-inserted TNF retains its biological

activity (R.L.B. and B.J.W., unpublished data) and voltage-
gated channel activity (25-27), coupled with the notable
increase in cytotoxicity observed when target cells are exposed
to TNF at an acidic pH that disfavors receptor binding (18, 19),
underscores the importance of TNF-membrane associations in
the cytotoxic pathway of TNF. Since the only known intrinsic
function of non-receptor-bound TNF is ion-channel activity
(24-27), we propose that this activity may be responsible at
least in part for the acid-enhanced effects of TNF on tumor
cells (18, 19). Detailed knowledge of the formation, structure,
and activity of the TNF channel, including modulatory con-
ditions, should enable us to design experiments to test this
prediction directly.
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